We examine the X-ray luminosity scaling relations of 31 nearby galaxy clusters from the Representative XMM-Newton Cluster Structure Survey (REXCESS). The objects are selected only in X-ray luminosity, optimally sampling the cluster luminosity function. Temperatures range from 2 to 9 keV, and there is no bias toward any particular morphological type. To reduce measurement scatter we extract pertinent values in an aperture corresponding to R 500 , estimated using the tight correlation between Y X (the product of gas mass and temperature) and total mass. The data exhibit power law relations between bolometric X-ray luminosity and temperature, Y X and total mass, all with slopes that are significantly steeper than self-similar expectations. We examine the possible causes for the steepening, finding that structural variations have little effect and that the primary driver appears to be a systematic variation of the gas content with mass. Scatter about the relations is dominated in all cases by the presence of cool cores. The natural logarithmic scatter about the raw X-ray luminosity-temperature relation is about 70 per cent, and about the X-ray luminosity-Y X relation it is 40 per cent. Systems with more morphological substructure show similar scatter about scaling relations than clusters with less substructure, due to the preponderance of cool core systems in the regular cluster subsample. Cool core and morphologically disturbed systems occupy distinct regions in the residual space with respect to the best fitting mean relation, the former lying systematically at the high luminosity side, the latter lying systematically at the low luminosity side. Simple exclusion of the central regions serves to reduce the scatter about the scaling relations by more than a factor of two. The scatter reduces by a similar amount with the use of the central gas density as a third parameter. Using Y X as a total mass proxy, we derive a Malmquist bias-corrected local luminosity-mass relation and compare with other recent determinations. Our results indicate that luminosity can be a reliable mass proxy with controllable scatter, which has important implications for upcoming all-sky cluster surveys, such as those to be undertaken with Planck and eROSITA, and ultimately for the use of the cluster population for cosmological purposes.
Introduction
The X-ray luminosity is an observationally attractive quantity because of the relative ease with which it can be measured, and thus it is a key parameter for cosmological applications of the galaxy cluster population. For a fully virialised cluster formed through pure gravitational collapse, the X-ray luminosity L is determined solely by the mass and distribution of gas in the intracluster medium (ICM), and the X-ray temperature T is determined by the depth of the potential well in which the ICM rests. Correlations between these two basic quantities were found in the very early days of X-ray observations of clusters, even while the thermal nature of the emission was still under debate (Mitchell et al. 1977; Mushotzky et al. 1978; Henry & Tucker 1979) . Initial results from these works suggested that the slope of the luminosity temperature relation was steeper than expected from gravitational collapse alone. The launch of the EXOSAT and Einstein observatories enabled the first systematic studies of large samples of clusters (Edge & Stewart 1991; David et al. 1993) , and the subsequent launch of ROSAT, ASCA and Ginga Send offprint requests to: G.W. Pratt, e-mail: gwp@mpe.mpg.de allowed further investigation with increasingly better quality data.
The density squared (n 2 e ) dependence of the X-ray emission means that luminosity measurements are very sensitive to the exact physics of the gas near the cluster core. Mechanisms such as rapid radiative cooling or merging can change the thermodynamic state of this core gas, introducing scatter into the various luminosity scaling relations. Since our knowledge of the absolute extent of the scatter limits the constraints that can be put on cosmological models with the cluster population, the magnitude of the scatter, its source(s), and how to correct for it constitute some of the most important open issues in the study of clusters (see e.g. Lima & Hu 2005) . Fabian et al. (1994) were the first to note that the offset of a cluster from the mean relation was connected to the presence of a cool core, motivating examination of methods to correct for this effect. Markevitch (1998) derived quantities corrected for the presence of cooling cores by exclusion of the emission from the central region and the introduction of a second spectral component in the temperature estimation; Arnaud & Evrard (1999) determined the luminosity temperature relation using clusters specifically chosen to have weak or non-existent cool cores. More recent efforts have aimed at reducing scatter by using the peak surface brightness as a third parameter (O'Hara et al. 2006) . At the same time it had long been suspected that merging events also contributed to scatter about the mean relation. This effect has been investigated with increasingly sophisticated numerical simulations, which have shown that while major mergers can indeed boost both luminosity and temperature, the boosting appears to be short lived and the net movement in the luminosity temperature plane is approximately parallel to the mean relation (Ricker & Sarazin 2001; Ritchie & Thomas 2002; Hartley et al. 2008) .
In the present paper we re-investigate the luminosity scaling relations with REXCESS ), a sample of 33 local (z < 0.2) clusters drawn from the REFLEX catalogue (Böhringer et al. 2004 ), all of which have been observed with a single satellite, XMM-Newton, with the aim of minimising effects due to instrumental cross calibration uncertainties. The unique sample selection strategy, in which clusters have been selected by luminosity only, in such a way as to have close to homogeneous coverage of luminosity space, delivers an optimal sampling of the luminosity function of the cluster population with no bias towards any particular morphological type. Moreover, distances were optimised so that the angular scale of the objects is such that ∼ R 500 falls well within the XMM-Newton field of view, allowing detailed local background modelling to be undertaken, increasing the precision of measurements at large radii as compared to more nearby clusters which often fill the field of view. Since the basic selection criterion is X-ray luminosity, REXCESS should be representative of any local, unbiased high-quality X-ray survey, of the type applicable to testing of cosmological models.
In the following, we first use the representative nature of the REXCESS sample to investigate the raw luminosity scaling relations, finding that the slopes are steeper than expected if the gas is heated purely by gravitational processes and that cooling cores are the dominant contributor to scatter about them. Dividing the data into subsamples, we investigate the effect of cool cores and morphological disturbance on a cluster's position with respect to the mean relation, finding that the former lie systematically at the high luminosity side, and the latter lie systematically at the low luminosity side. We then investigate two different methods to minimise scatter: simple exclusion of the central region, and use of the central gas density as a third parameter in scaling law fitting, finding that both methods result in a significant reduction in the dispersion about the best fitting relations. Lastly, we examine the physical causes of the steep slope of the luminosity scaling relations, concluding that variations of gas content with total mass are most likely the dominant reason why these are steeper than expected. Our Appendix details the REXCESS survey volume calculations and a first attempt at correcting for Malmquist bias in the luminosity-mass relation.
We adopt a ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7, and all uncertainties are quoted at the 68 per cent confidence level. All logarithmic quantities are given to base e, and the quantity L refers to the bolometric [0.01-100 keV] X-ray luminosity.
Data analysis
Full details of the sample, including XMM-Newton observation details, can be found in Böhringer et al. (2007) . Two of the REXCESS clusters, RXC J0956.4-1004 (the Abell 901/902 supercluster) and J2157.4-0747 (a bimodal cluster), display complex morphology and are excluded from the present analysis.
The basic characteristics of the clusters discussed in this paper are given in Table 1 .
Scaling
In order to estimate cluster quantities consistently, we define them in terms of R 500 , the radius at which the mean mass density is 500 times the critical density at the cluster redshift 1 . While R 500 can be estimated from the total mass profile derived under the assumption of hydrostatic equilibrium (HE), the present sample contains clusters in a wide variety of dynamical states and consequently the HE assumption may not be valid in all cases (see the discussion in Pratt et al. 2007 ). Instead we estimate R 500 using Y X as a mass proxy. This quantity, defined as the product of M g,500 , the gas mass within R 500 , and the spectroscopic temperature in the [0.15 − 1] R 500 region, is the X-ray analogue of the integrated SZ signal Y S Z , and has been shown to be a low scatter mass proxy in the numerical simulations of Kravtsov et al. (2006) even in the presence of significant dynamical activity. Recent observational investigations using a variety of cluster samples have demonstrated that Y X is indeed a lowscatter mass proxy (Maughan 2007; Arnaud et al. 2007) , and the theoretical results have been verified in independent numerical simulations (Poole et al. 2007; Yang et al. 2008) . We estimate R 500 iteratively from the M 500 -Y X relation derived from XMM-Newton observations of a sample of 10 nearby morphologically relaxed local clusters by Arnaud et al. (2007) , viz.,
which was derived using substantially similar methods to those described in this paper. The REXCESS gas density profiles from which M gas is derived are discussed in Croston et al. (2008) . Note that there is an ∼ 8 per cent normalisation offset of the observed relation when compared to the relation derived by Nagai et al. (2007) from numerical simulations. However, an iterative measurement of R 500 from the simulated M 500 -Y X relation changes the values of the temperature and luminosity by less than 1.5 per cent on average, due to the steep drop of emission with radius. Simulations also suggest a ±8 per cent scatter about the M 500 -Y X . Using randomisation assuming a 1.5 per cent relative change in the measured quantities due to this scatter, we have verified that the slopes and normalisations of the scaling laws do not change, and that the maximum change in the scatter about the relations is only 7 per cent.
Luminosities and temperatures
Bolometric X-ray luminosities, referred to as L throughout the remainder of this paper, were derived for two apertures: (i) the entire cluster emission interior to R 500 (hereafter L 1 ) and (ii) in the [0.15-1] R 500 aperture (hereafter L 2 ). We estimated the count rates from surface brightness profiles in the [0.3-2] keV band, and used the best fitting spectral model estimated in the same aperture to convert the count rate to bolometric ([0.01-100] keV) luminosity. At 3σ significance, the surface brightness profiles are detected out to at least 0.8R 500 for all clusters. For 11 clusters, we extrapolated the surface brightness profile using a power law with a slope measured from that of the data at large radius. As can be seen in Table 1 , in most cases the need for extrapolation is minimal. Measured luminosities for both apertures are given in Table 1 . Errors take into account statistical factors, uncertainties in R 500 and extrapolation uncertainties. These were estimated from Monte Carlo realisations in which the above procedure, including extrapolation, was repeated for 100 surface brightness profiles, the profiles and R 500 values each being randomised according to the observed uncertainties. A PSF correction was implemented by using the gas density profile derived from regularised deprojection of the surface brightness as described in Croston et al. (2006) ; the correction was obtained from the ratio of the observed to PSF-corrected count rates in each aperture. The correction is negligible in the full aperture but can be up to 13 per cent for strong cooling core systems in the core-excluded aperture.
We have also calculated luminosities in the [0.1 − 2.4] keV and [0.5 − 2] keV bands for ease of comparison with previous soft X-ray survey results from ROSAT. Luminosities and their associated scaling relations are given in Appendix B.
Spectroscopic temperatures were measured in the [0.15 − 0.75] R 500 aperture 2 (referred to hereafter as T 3 ) from iteration about the M 500 − Y X relation of Arnaud et al. (2007) . Temperatures in the full aperture and in the [0.15 − 1] R 500 aperture (hereafter T 1 and T 2 , respectively) were then calculated by re-extraction of spectra in the relevant regions. In all cases the spectra were fitted with a MeKaL model with an absorption fixed at the HI value (excepting RXC J2014.8-2430, which was found to have a significantly higher absorption than that indicated from the HI value). The three EPIC cameras were fitted simultaneously in the [0.3-10] keV band, with the regions around the instrumental lines (1.4-1.6 keV for all cameras and 7.45-9 keV for the pn camera) excluded from the fit. Temperatures for all three apertures are listed in Table 1 . 
Subsamples
We further subdivide the sample to elucidate the effects of cool cores and merger-related phenomena on the scaling relations.
Cooling time classification
In an approach similar to that used by O'Hara et al. (2006), we use gas density and cooling time profiles to classify cooling core systems. Croston et al. (2008) describe the gas density and cooling time profiles of the present sample, which are fully depro- jected and PSF-corrected using the non-parametric method described in Croston et al. (2006) . We estimate the central gas density n e,0 from a β model fit to the deconvolved, deprojected gas density profiles interior to 0.03 R 500 . Figure 1 shows the central cooling time versus n e,0 , which exhibits a strong correlation, as expected since the cooling time is derived from the gas density. We classify clusters according to their central gas density n e,0 , such that those with h(z) −2 n e,0 > 4 × 10 −2 cm −3 (equivalent to those with a central EM value EM cen ∼ > 20 × 10 −6 cm −6 Mpc in the right hand panel of Fig. 1 ) are defined as cool core systems; 10/31 clusters are classified as such. Figure 1 shows that these systems have central cooling times t cool,0 < 10 9 years.
Morphological classification
The sample also contains clusters in a wide variety of dynamical states Pratt et al. 2007) . To investigate the effect of dynamical state on the relations, we have calculated values of centroid shift w , defined as the standard deviation of the projected separations between the X-ray peak and the centroid at each radius in the [0.1 − 1] R 500 region:
where ∆ i is the projected distance between the X-ray peak and centroid in the i th aperture. Introduced by Mohr et al. (1993) , this quantity was found to be the most sensitive indicator of dynamical activity in the numerical simulations of Poole et al. (2007) . We calculate centroids in circular apertures of radii n × 0.1 × R 500 with n = 2, 3 . . . 10, excluding the central regions to avoid biases associated with enhanced emission from cool cores (although exclusion of the central region does not have a significant effect on the results). The centroid shift w is then defined as the standard deviation of the projected separations between the X-ray surface brightness peak and the centroid in units of R 500 . A forthcoming paper will discuss these results in more detail. For the current analysis, the distribution of w for the present sample is shown in the central panel of Figure 1 . We classify clusters with w > 0.01 R 500 as morphologically disturbed, and clusters with w < 0.01 R 500 as morphologically regular. In total, 12/31 clusters are defined as morphologically disturbed.
The different subsample classifications are indicated in Table 1 and illustrated in Figure 1 . In general, the presence of a cool core is anti-correlated with indications for morphological disturbance. However, two clusters possess both a cool core and display evidence for morphological disturbance (RXC J1302.8 -0230 and RXC J2319.6 -7313). A gallery of the cool core and non-cool core systems, sorted by w , can be found in Figures A.1 and A.2, respectively, in Appendix A.
Fitting procedure
For each set of observables (B, A), we fitted a power law relation of the form h(z) n B = C(A/A 0 ) α , where h(z) is the Hubble constant normalised to its present day value and n was fixed to the expected scaling with z. The fit was undertaken using linear regression in the log-log plane, taking the uncertainties in both variables into account. Assuming a linear relation of the form Y = aX +b, and a sample of N data points (Y i , X i ) with errors σ Y i and σ X i , the raw scatter was estimated using the error weighted orthogonal distances to the regression line:
where
and σ
The intrinsic scatter was computed from the quadratic difference between the raw scatter and that expected from the statistical uncertainties.
As Figures 2-5 show, the uncertainties in the present data set are entirely negligible compared to the intrinsic scatter, so that error weighting of individual data points will have no effect on the resulting fits. In the following we use the BCES regression method (Akritas & Bershady 1996) , which takes into account measurement errors in both coordinates and intrinsic scatter in the data and is widely used in astronomical regression, giving results that may easily be compared with other data sets fitted using the same method.
It is well-known that different regression methods give different slopes even at the population level (e.g., Isobe et al. 1990; Akritas & Bershady 1996) . It is therefore of paramount importance to choose the regression method best suited to the data in hand. With the present data set, there is no easy answer to the question of which quantity to treat as the dependent variable and which to treat as the independent variable. In cosmological and theoretical applications, the mass of a cluster is its most fundamental property. Given the tight mass-temperature relation (e.g., Arnaud et al. 2005) , it is reasonable to assume that T is closely coupled to the mass. However, as will be seen below, there is a large intrinsic scatter in L, presumably due to baryon physics. One possible minimisation method would thus treat L as the dependent variable. A second possible minimisation method would be to assume that both variables are quasi-independent, and to treat them symmetrically.
In the following, we thus give the results from the BCES (Y|X) fitting method, which minimises the residuals in L, and from the BCES orthogonal fitting method, which minimises the squared orthogonal distances. In the case of maximum scatter (the raw, uncorrected L 1 -T 1 relation), the BCES (Y|X) method typically gives slightly shallower slopes than the orthogonal BCES method 3 . As the scatter decreases, the various regression methods give results which agree very well within their 1σ uncertainties (Table 2) . Uncertainties on all fit parameters and associated scatter are determined from 10 000 bootstrap resamples of the data. Since measurement errors are at the 1 − 3 per cent level, we give only estimates of the intrinsic dispersion about the best fitting relations.
Results

Scaled emission measure profiles
The emission measure (EM) was calculated from the surface brightness profiles extracted in the [0.3-2] keV band via:
where S (θ) is the surface brightness, d A (z) is the angular distance at redshift z, and ǫ(T, z) is the emissivity, which has been calculated taking into account absorption and the instrument response (e.g. Neumann & Arnaud 1999) . We then scaled the EM profiles according to their expected evolution with redshift and dependence on temperature, EM ∝ h(z) −3 T −1/2 , shown in the right hand panel of Figure 1 . The behaviour of the scaled profiles is very similar to that seen in the gas density profiles discussed in Croston et al. (2008) : outside the central regions, the dispersion rapidly decreases and the profiles begin to show indications of similarity. The relative dispersion in scaled profiles shows a broad minimum of σ/ EM(r) ∼ 0.35 from 0.2 − 0.9 R 500 , with a maximum of 1.56 in the central regions and a minimum of 0.32 at 0.5 R 500 . The latter is somewhat smaller than that found by Neumann & Arnaud (1999) , who used a relation taken from numerical simulations to calculate R 500 .
The two subsamples form distinct classes in the plot. The cool core systems, unsurprisingly, show very strong central emission and also appear to scale somewhat more tightly in the outer regions. In contrast, all of the clusters with the lowest central emission measure are classed as disturbed.
The L − T relation
In the left-hand panel of Figure 2 we show the L 1 -T 1 relation obtained with T 1 and bolometric L 1 derived from all emission interior to R 500 (i.e., equivalent to a raw, uncorrected relation). In many cases the errors are smaller than the points, a testament to the exceptional quality of the data. The best fitting power law relations derived from the BCES fits are overplotted; fits are listed in Table 2 . The BCES (Y|X) slope, 2.70 ± 0.23, is consistent with previous determinations such as those of Markevitch (1998, 2.64±0.16 ), Arnaud & Evrard (1999, 2 .88 ± 0.15), Allen & Fabian (1998, 2 .9 ± 0.3) and Novicki et al. (2002, 2 .82 ± 0.32). The slope derived from the BCES orthogonal fit, 3.35 ± 0.32 is somewhat steeper, although only at slightly more than 2σ, a consequence of the very large scatter in the data. The relations of Arnaud & Evrard (1999) and Markevitch (1998) are also plotted in the Figure: their normalisations are notably lower that that found in the present work, due to their being a non-cool core cluster sample and cool core-corrected sample respectively.
The central panel of Fig. 2 shows the histogram of the log space residuals from the best fitting relations. The logarithmic scatter about the L 1 -T 1 relation is σ ln L ∼ 0.7 ± 0.1 in both cases, and is dominated by the intrinsic component, the statistical scatter being negligible. Although the residuals present a clear skew towards higher luminosity systems, the KS probability that the residuals are drawn from a Gaussian distribution are 0.15 and 0.10 for the BCES (Y|X) and orthogonal fits, respectively. This result does not strongly exclude the Gaussian hypothesis, underlining the need for a larger sample to better understand the scatter (although note that Novicki et al. 2002 find that the log space residuals of a larger sample are consistent with a Gaussian distribution with a similar σ to that found for the present sample).
It is interesting to investigate the factors driving the very large scatter about the L 1 -T 1 relation. The right hand panel of Figure 2 shows the log space deviations from the best fitting L 1 -T 1 relations for the cooling core sample (blue stars), and for the morphologically disturbed subsample (red squares). In both cases, the subsamples clearly populate different regions of the residual space: cool core systems are preferentially located above the main relation, while morphologically disturbed systems lie below it. The best fitting power law relations to the individual subsamples are listed in Table 2 . Cool core clusters have a statistically identical slope to that of the non-cool core systems, and to that of the sample as a whole. The cool core subsample has a higher normalisation than the non-cool core subsample, significant at the > 2σ level, suggesting that the primary effect of a cooling core is to move a given system orthogonally from the standard relation. However, the logarithmic scatter about the cooling-core only relation (σ ln L = 0.48 ± 0.13 for the BCES orthogonal fit) is higher than that about the non-cool core relation at slightly more than 1σ, reflecting the wide variety of cooling core strengths in the present sample. The logarithmic scatter about the non-cool core relation (σ ln L = 0.29 ± 0.07, or σ log10 ∼ 0.15), is in good agreement with that found by Arnaud & Evrard (1999) , from a sample which contained only non-cool core systems.
A similar trend is seen when the clusters are divided according to the morphology parameter. Firstly, it is clear from Figure 2 Arnaud & Evrard (1999) and Markevitch (1998) , respectively. Centre: Histogram of the log space residuals from the best fitting L-T relation, derived from each fitting method as indicated. Right: Log space residuals for both fitting methods as indicated. Cooling core clusters (blue stars) and morphologically disturbed clusters (red squares) occupy two distinct regions in the plot in both cases. Fig. 3 . Left: L 2 -T 2 relation for the REXCESS sample (quantities derived from emission in the 0.15 R 500 < R < R 500 aperture). The best fitting power law relation derived from the BCES orthogonal fitting method is overplotted as a solid line (the BCES (Y|X) results are very similar); the shaded region corresponds to the 1σ uncertainty on the fit. The dashed and dot-dashed lines are the relations of Arnaud & Evrard (1999) and Markevitch (1998) , respectively. Centre: Histogram of the log space residuals from the best fitting L-T relation, derived from the BCES orthogonal fit method. The solid curve is a Gaussian with σ ln L = 0.28, corresponding to the scatter about the best fitting relation. Right: Log space residuals. Cooling core clusters (blue stars) and morphologically disturbed clusters (red squares) are less obviously segregated once the central region is excised.
that the disturbed clusters preferentially populate the lower envelope of the L 1 -T 1 relation. The slopes of the relations are statistically identical for both subsamples, and in agreement with that of the entire sample, but the normalisation of the relaxed sample is higher at the 1σ level than that of the unrelaxed sample. This is partly due to the predominance of cool core systems in the relaxed subsample, although disturbed cool core systems do exist. The logarithmic scatter about the relations is very similar, at σ ln L ∼ 0.65, although they are not well constrained.
The clear segregation of the cooling core clusters from the rest of the population (Fig. 2) , together with the small relative segregation of dynamically disturbed systems and the structural similarity at large radius (Fig. 1, right hand panel) , suggest that simply excluding the central region should tighten the luminosity scaling relations. Figure 3 shows the L 2 -T 2 relation derived from emission excluding the core region, where both the luminosity and temperature are estimated in the 0.15 R 500 < R < R 500 aperture; best fitting slopes and normalisations are given in Table 2 .
The BCES (Y|X) slope, 2.78 ± 0.13 is similar to the relation for that derived from all emission interior to R 500 , and the slope of the BCES orthogonal fit, 2.94 ± 0.15 is slightly steeper but in good agreement within the 1σ uncertainties, as is the normalisation. This relation is in excellent agreement, both in terms of slope and normalisation, with those of Markevitch (1998) and Arnaud & Evrard (1999) , which are overplotted in the same Figure. However, the logarithmic intrinsic scatter, σ ln L = 0.27±0.06 is smaller, as expected, by a factor of two. The central panel of Figure 3 shows the histogram of the log space residuals from the best fitting BCES orthogonal relation. The overplotted curve is a Gaussian with raw σ ln L = 0.27, corresponding to the scatter about the relation. The KS test probability the residuals are drawn from a Gaussian distribution is 0.54 for the BCES orthogonal fit.
The scatter is clearly reduced on exclusion of the core regions. The relative effect of the change in luminosity and temperature in the reduction of scatter can be estimated simply by comparing the values estimated in the two apertures. We find T 1 /T 2 = 1.02 ± 0.07 and L 1 /L 2 = 1.62 ± 0.31 for the full sample, indicating that the change in temperature is a very minor effect compared to the change in luminosity. Unsurprisingly however, the change in temperature is negative for cool core systems ( T 1 /T 2 = 0.96 ± 0.07), while it is positive for non-cool core objects ( T 1 /T 2 = 1.05 ± 0.05). Table 2 also lists the fits to the different subsamples. Scatter decreases markedly (by approximately a factor of two) for the cool core subsample, as expected, but it also decreases somewhat (∼ 15 per cent) for the non cool core subsample. Cool core clusters still tend to be found towards the upper envelope of the distribution, which is reflected in their slightly higher normalisation compared to non-cool core systems (although this is not significant). The slopes are stable however, and in agreement with those found for the relation derived from all emission interior to R 500 . In common with the full emission sample, morphologically disturbed clusters tend to describe the lower envelope of the distribution, having a slightly lower normalisation than the full sample, although this is not significant, and a similar slope. 
The L − Y X relation
Y X is an interesting quantity because simulations suggest that deviations in M gas,500 and T for a given system are anticorrelated with respect to the self-similar expectations, leading to a reduction in scatter (although thus far this is empirically untested). That Y X is the X-ray analogue of the integrated SZ Comptonisation parameter Y S Z makes the calibration of its relationship with the X-ray luminosity of prime importance for the interpretation of data from the upcoming all-sky surveys from the Planck and eROSITA satellites.
The L 1 -Y X relation, where the luminosity is derived from all emission interior to R 500 , is shown in Figure 4 ; the best fitting power law values are given in Table 2 . Because of the smaller scatter in these data, both BCES fitting methods give consistent results. Our relation is in good agreement with that of the Chandra archive study of 115 galaxy clusters by Maughan (2007) : the slope B = 1.10 ± 0.04 is consistent with our BCES orthogonal value, α = 1.04 ± 0.06, and the normalisation at Y X = 2 × 10 14 M ⊙ keV is only 14 per cent lower than ours. The intrinsic logarithmic scatter is σ ln L = 0.38 ± 0.06, considerably less than about the L-T relation (note that since Y X is calculated using the temperature estimated in the [0.15 − 1] R 500 aperture, this will tend to damp scatter somewhat). However, the residual histogram about the best fitting orthogonal BCES relation, plotted in the central panel of the same Figure, has a KS probability of only 0.09 of being compatible with a Gaussian distribution.
The residual distribution for the different subsamples mirrors that of the L 1 -T 1 relation: cool core clusters lie preferentially above and morphologically disturbed systems lie preferentially below. This fact is reflected in the different normalisations found when fitting the different subsamples: the cool core systems have the highest normalisation and the disturbed systems the lowest. However, the slope of the relation, when fitted to different subsamples, is remarkably stable at 0.96-1.06, and the slopes of all subsamples are statistically indistinguishable. Figure 5 shows the L 2 -Y X relation, determined with the core emission excluded. Once again there is excellent agreement in both slope and normalisation between our relation and that of Maughan (2007) . The relation is very tight: the intrinsic logarithmic scatter is only σ ln L = 0.16 ±0.04, and the KS probability that the distribution of residuals is compatible with a Gaussian is 0.93. For the different subsamples, Table 2 shows that the slopes are remarkably similar, ranging from 0.94 to 0.99, and the power law normalisations for the best fitting models are segregated in a similar manner to the luminosity temperature relation, although with much reduced significance.
The L − M 500 relation
It is interesting to make a first examination of the slope and normalisation of the L − M 500 relation for the present sample. Since we do not have independent measures of the mass, we use the M 500 − Y X relation of Arnaud et al. (2007) to estimate the masses of the clusters in the sample. For the purposes of this initial investigation, we ignore the impact of the intrinsic scatter about the M 500 − Y X relation because it is at present not sufficiently well quantified; X-ray calibrations are necessarily available for relaxed cluster samples only, and weak lensing calibrations are at present lacking sufficient dynamic range in mass. The present approach allows us to verify the slope and normalisation of the relation under the given assumptions, to check the coherence of the slopes, and to compare with previous work using similar approaches.
The measured L − M relations are summarised in Table 2 and the relations obtained for bolometric L measured in both apertures are plotted in Figure 6 . The slopes of the relations, ∼ 1.8, are consistent with the L-T and M 500 − Y X relations, as expected. Comparing our measurements of the slope and normalisation with those of Maughan (2007), we find excellent agreement in slope for the relation derived from all emission interior to R 500 , athough our normalisation is somewhat higher (by < 20 per cent). When the core emission is excluded, the slope of Maughan's relation (1.63 ± 0.08) is somewhat shallower than our BCES orthogonal measurement (1.80 ± 0.05), at the ∼ 2σ level. However, the normalisations are in excellent agreement.
In the right hand panel of Figure 6 we compare the raw L− M relation with that corrected for the effect of Malmquist bias. The correction procedure, and the relations for the [0.1 − 2.4] keV and [0.5 − 2] keV bands, plus comparison with the results of Vikhlinin et al. (2008) , are given in Appendix B. The correction has the effect of steepening the relation slightly due to the underrepresentation of low-luminosity clusters on the REXCESS sample. Table 3 . Best fitting parameters for the three parameter scaling relation fits. Data were fitted with a power law of the form h(z) n L = C (A/A 0 ) α (n e ) β , with A 0 = 5 keV, 2 × 10 14 M ⊙ keV and 2 × 10 14 M ⊙ , and n = −1, −9/5 and −7/3 for T , Y X and M, respectively. The scatter is, by definition, identical to that about the L − Y X relation, and is in excellent agreement with that found by Vikhlinin et al. (2008) from a similar analysis of a larger fluxlimited sample of nearby clusters. Note that if L ∝ M γ , then a first order estimate of the scatter in mass is σ ln M ∼ σ ln L /γ. However, this will only be true if σ ln L is measured at fixed M for a complete sample. Using the measurement of σ ln L at fixed T or Y X introduces covariance of T and Y X into the relations, which would modify the first order scatter estimate. Nevertheless, the scale of this first order estimate of the scatter in mass is σ ln M ∼ 0.20 − 0.37 for the full aperture and only σ ln M ∼ 0.09 − 0.16 for core extracted quantities.
Relations including a third parameter
The presence of a cool core is clearly the factor which contributes most to the scattering of a given cluster about the best fitting relation. Figure 1 shows that the central density n e,0 is a very reliable indicator of cool core strength. Following O'Hara et al. (2006) , it thus follows that n e,0 may be taken into account as a third parameter in the scaling relations.
Fitting a scaling relation of the form:
where h(z) is the Hubble constant normalised to its present day value and n was fixed to the expected scaling with z, and solving for α, β and the normalisation C, allows us to investigate the influence of central density n e,0 on the scaling relations. For each relation the fit was undertaken using standard linear regression in the log-log plane. We determine the best fitting values and associated 1σ uncertainties via 1000 bootstrap resamplings of the observed data set, and the raw scatter was estimated using the error weighted orthogonal distances to the regression line. The resulting best fitting relations are summarised in Table 3 . Dependencies on the main scaling parameter (T , Y X and M) are similar to those derived for the two-parameter fits to coreexcluded quantities, as expected. The scatter is comparable to that derived from a two-parameter fit to core-excluded quantities for all relations.
Thus the technique of using the central gas density appears to be a promising method for reducing scatter about the luminosity scaling relations.
Discussion
Scatter about the relations, and correcting for it
The REXCESS data have allowed us to investigate the sources and magnitude of the scatter about the various relations using a data set which should be representative of any X-ray selected sample of clusters.
For all emission interior to R 500 , morphologically disturbed systems tend to lie below the best fitting relation to the entire whole sample; however, this is mainly due to the effect of cool core systems in the full sample, which tend to increase its normalisation. A fairer test is to compare the subsamples when the core emission is excluded: in this case, the normalisations differ in all cases by less than 1.5σ, although morphologically disturbed systems still have the lowest normalisation. In common with O'Hara et al. (2006), we find that clusters with greater morphological substructure do not exhibit more scatter about scaling relations than clusters with less substructure. This is mostly a consequence of the fact that morphologically regular systems contain a preponderance of cool core clusters. This result would also suggest that the main effect of merging is to move systems along the relation rather than orthogonal to it. In this context, we note that numerical simulations predict quasi-simultaneous boosting in temperature and luminosity at certain epochs after a merging event, which would indeed tend to move clusters along the relation.
In common with most previous investigations, we find that the vast majority of the scatter in all relations is due to the presence of cool cores, which lie systematically above the best fitting relation with an offset that appears to be related to the strength of the cool core. A fit to the cool core systems differs from a fit to the whole sample only by a normalisation factor. However, the scatter about the best fitting cool core subset relation is nearly twice that about the non cool core subset relation, reflecting the different cool core strengths.
Excluding the central emission leads to a significant reduction of the scatter about all relations. For example, the scatter about the L-T relation decreases by a factor of two on exclusion of the core, and the reduction in scatter is similar for the L − Y X relation. Correcting for the presence of a cool core by assuming a power law dependence of central density n e,0 with luminosity affords an alternative method to reduce scatter. The reduction in scatter obtained by the use of n e,0 is of the same order as that obtained from simple core exclusion. We note that core exclusion may be difficult in the case of distant clusters or those detected with very low signal to noise, and in these circumstances it may be preferable to use the central density or surface brightness to reduce scatter about the scaling relations.
Slope of the relations
The X-ray luminosity of a cluster can be written (Arnaud & Evrard 1999) :
where Λ(T ) is the cooling function.Q(T ), introduced by Arnaud & Evrard (1999) , is equal to ρ 2 gas / ρ gas 2 , with the angle brackets denoting an intrinsic volume average.Q(T ) is thus a dimensionless structure factor which depends only on the spatial distribution of the gas density (e.g., clumpiness at small scale, shape at large scale, etc). With the set of additional assumptions
; identical internal cluster structure [Q(T ) = C 1 ]; constant gas mass fraction [ f gas (T ) = C 2 ], we arrive at the standard self-similar expectation for the luminosity-temperature relation, L ∝ T 2 . The self-similar L−Y X relation can be obtained from combination of the gas mass-luminosity and luminositytemperature relations to give L ∝ Y 4/5 X . Combining the selfsimilar mass-temperature and luminosity-temperature relations leads to a dependence of luminosity with mass of L ∝ M 4/3 . Fig. 7 . Structure factor Q(T ) |bin = ρ 2 gas / ρ gas 2 , estimated from the gas density profiles, versus temperature. Left: Quantities estimated from all emission interior to R 500 . Right: Quantities estimated in the [0.15 − 1] R 500 aperture. There is no significant dependence ofQ(T ) |bin on temperature on a Kendall's τ test in either case.
In common with most previous work on the subject, we find that the slope of the L-T relation of the REXCESS sample is steeper than the prediction from the expectations of self-similar collapse models. The steeper slope is found consistently in all subsamples, and in all cases the statistical precision of the data allow us to rule out the self-similar predictions. We find similar results for the L − Y X relation, where the observed slope of ∼ 1.0 is significantly steeper than the self-similar expectation of 0.8, and for the L − M 500 relation, where the observed slope of 1.8 is steeper than the expected value of 1.3. These facts imply that one or more of the assumptions listed above does not hold for the real cluster population.
The assumption of pure bremsstrahlung is not strictly valid since line emission becomes increasingly important as the temperature decreases, having the effect of flattening the relation as lower temperature systems are boosted in luminosity. While the lower temperature limit of the REXCESS sample, 2 keV, should suffice to minimise these effects, systematic differences in the metallicity between objects may serve to change the temperature dependence of the X-ray emission from the expected value of T 1/2 . We tested this using the measured temperatures and abundances of the REXCESS sample, finding a best fitting power law relation of 0.5, in full agreement with the expected dependence.
The assumption of virial equilibrium leads to the expected relation M ∝ T 3/2 between total mass and temperature. A topic of vigorous debate in previous years, several recent investigations of the X-ray mass-temperature relation have shown percent-level agreement in normalisation and that the slope is not greatly different from the self-similar expectation Vikhlinin et al. 2006) , although it may be slightly steeper Sun et al. 2008) .
The question of structural regularity has also received quantitative tests in recent years. For instance, there is now converging evidence that the total mass density profiles of galaxy clusters and groups scale quasi-self-similarly with a mass dependence that is in good agreement with predictions from numerical simulations (eg., Pointecouteau et al. 2005; Vikhlinin et al. 2006; Gastaldello et al. 2007 ). On the mass scales we are considering here, the variation of the total mass density concentration with mass is in fact consistent with zero Vikhlinin et al. 2006 ). This would imply that a variation of cluster dark matter structure with mass cannot be responsible for the steepening of the L-T relation, at least in the mass range covered by the present data.
However, the baryonic components of clusters are subject to somewhat different physics, and there are indications that the large scale ICM density structure is temperature/mass dependent. The clear correlation of the slope of the gas density profile measured in the radial range [0.3 − 0.8] R 500 with temperature seen in the REXCESS analysis of Croston et al. (2008) is one example. At the same time Croston et al. have shown that the temperature dependence of the relative dispersion of scaled gas density profiles has all but disappeared at 0.7 R 500 , suggesting that clusters become increasingly structurally similar at larger radii. This is borne out in the present data when we examine the more powerfully diagnostic structure factorQ(T ) |bin = ρ 2 gas / ρ gas 2 , where the average is taken over the radial gas density profile. This quantity is identical to that presented in Arnaud & Evrard (1999) except that we use a fully deconvolved, deprojected gas density profiles rather than β-model fits.Q(T ) |bin effectively probes the variation of the large scale shape of the gas density with temperature, that is to say, variation of the gas concentration with mass. However, since ρ gas (r) is derived from spherically symmetric deprojection of the surface brightness profile, by construction ρ gas (r) is ρ 2 gas , where ρ 2 gas is the average within each radial shell. Thus we emphasise thatQ(T ) |bin is only a partial estimator ofQ(T ) which does not probe more subtle effects such as variations of the gas clumpiness with mass, or substructuring at small scale.
In Figure 7 we plotQ(T ) |bin versus system temperature for both apertures considered in the present work. The evidence for a correlation betweenQ(T ) |bin and system temperature is very weak on a Kendall's τ test, being significant at only ∼ 8 per cent for the full aperture and ∼ 15 per cent for the [0.15 − 1] R 500 aperture. Interestingly, the standard deviation ofQ(T ) |bin in the [0.15 − 1] R 500 aperture, σQ (T ) = 0.14, gives an observational limit of the variation of cluster structure outside the core regions at fixed temperature. That it is only on the order of 15 per cent argues for a cluster population of remarkable structural similarity. It is thus unlikely that a systematic dependence of cluster structure on temperature/mass can be a major cause of steepening of the L-T relation of the present sample. However, the effect of a systematic dependence of gas structure at smaller scale with temperature/mass remains an open issue. More detailed assessment of the gas clumpiness requires combining X-ray data with high quality SZ data. with high quality hydrostatic mass estimates (Arnaud et al. 2007; Vikhlinin et al. 2006; Sun et al. 2008) . Grey points are actual measurements; black points are mean values in logarithmic mass bins. The solid line is the orthogonal BCES fit to the unbinned data, f gas,500 ∝ M 0.2 . Right panel: Approximate gas mass fraction versus mass measurements for the REXCESS sample, where the masses have been estimated from the M 500 − T relation of Arnaud et al. (2005) . Black points again show the mean trend for three logarithmic mass bins. The solid line is the same as in the left panel. The band illustrates the WMAP 5-Year baryon fraction constraints (Dunkley et al. 2009). A more likely explanation is if the gas mass-temperature relation M gas − T deviates from predictions (or equivalently, if the gas mass fraction, f gas = M g,500 /M 500 varies with mass), as was discussed in previous work based on ROSAT data (e.g., Neumann & Arnaud 2001; Mohr et al. 1999) . Recent results on the relaxed cluster sample of Arnaud et al. (2007) and on the REXCESS sample itself (Croston et al. 2008) have shown that M g,500 ∝ ∼ T 2 , in agreement with previous work, thus implying a steeper dependence than the self-similar prediction of M gas ∝ T 3/2 . Such a dependence of M gas on T would imply f gas ∝ M 1/3 for a self-similar M ∝ T 3/2 relation. The left hand panel of Figure 8 shows the f gas,500 − M 500 relation for 41 systems ranging from 10 13 to 10 15 M ⊙ for which gas mass fraction estimates derived from hydrostatic mass measurements are available (Arnaud et al. 2007; Vikhlinin et al. 2006; Sun et al. 2008) . The trend of mean gas fraction with mass is evident to the eye. To better illustrate this, we have divided the data into five approximately equal logarithmic total mass bins and calculated the mean and standard deviation of the gas mass fraction measurements in each bin. A BCES orthogonal fit to the combined (not binned) data set in log-log space yields the relation:
3/2 ln f gas,500 = (−2.37 ± 0.03)
with σ lnf = 0.12 ± 0.03 dispersion. The right hand panel of Figure 8 shows the corresponding trend of f gas,500 with cluster mass for the REXCESS sample, where the data values have been estimated using the M-T relation of Arnaud et al. (2005) . Dividing the data into three mass bins and averaging the gas mass fraction measurements in each bin yields the thick solid points, which are in good agreement with the best fitting relation to the combined data from hydrostatic estimates discussed above.
The trend in f gas implies a decrease in gas content in poorer systems relative to higher mass systems, a fact which manifests itself in an increase in ICM entropy and consequent suppression in luminosity at lower masses. The two most likely physical possibilities are a variation with mass in the efficiency of conversion of baryons into stars or in situ non-gravitational energy input from e.g., supernova feedback or AGN (e.g. Puchwein, Sijacki, & Springel 2008; Bower, McCarthy, & Benson 2008) , or a combination of the two. In a forthcoming paper we will use the entropy distributions to probe the source(s) and extent of the entropy redistribution.
Better constraints in the group regime are still required, especially in the light of the increased scatter apparently seen there (Osmond & Ponman 2004 ; but see Sun et al. 2008) .
Conclusions
We have presented a detailed study of the luminosity scaling relations of REXCESS, a galaxy cluster sample selected by X-ray luminosity in such a way as to optimally sample the cluster Xray luminosity function. REXCESS contains objects of different dynamical states with a range of core X-ray properties, allowing us to investigate the effect of the presence of these systems on the scaling relations. The homogeneous nature of the sample data, which have all been observed with the same satellite to approximately the same depth, combined with an analysis approach based on extraction of relevant quantities within scaled apertures, has been designed to minimise measurement scatter. We found the following results:
-The slope of the luminosity-temperature, luminosity-Y X and luminosity-mass relations are all steeper at greater than 99 per cent confidence, than expected for self-similar gravitational collapse scenarios. -The dependence of the radially averaged structure factor Q(T ) |bin on temperature, where both quantities have been estimated for the first time within R 500 , is not significant either when measured from all emission, or from core-excluded emission. This suggests that, contrary to previous results, structural variation cannot be a significant contributor to the steepening of the relations unless there is a very strong temperature/mass dependence of gas clumpiness. Furthermore, the scatter inQ(T ) |bin measured in the [0.15 − 1] R 500 aperture is ∼ 15 per cent, illustrating the remarkable structural similarity of the present sample in the outer regions. -There is strong evidence for a decrease in gas mass content in poorer systems relative to higher mass systems, or in other words, a dependence of the gas mass fraction on total mass. This effect is clearly seen in the M gas − T relation of the present sample (Croston et al. 2008) and has been seen in many previous samples. Using the total mass determined from published hydrostatic estimates of a combined sample of clusters and groups spanning 10 13 -10 15 M ⊙ , we find that the gas mass fraction depends on total mass such that f gas ∝ M 0.21±0.03 . The trend in the REXCESS data, when total masses are estimated using the M-T scaling relation, is similar. This dependence is the dominant cause of the steepening of the X-ray luminosity scaling relations.
-For the whole sample, the scatter of the X-ray luminositytemperature relation derived from all emission interior to R 500 is up to 75 per cent depending on the exact fitting method; the scatter is less than 40 per cent for the X-ray luminosity-Y X relation. The scatter is not strongly compatible with a Gaussian distribution in either case, the distribution being characterised by a tail caused by the presence of cool core systems. -Cooling core systems, the one-third of the sample with the highest central density, describe the high luminosity envelope and contribute the majority of the variance to the relations. A fit only to the cool core systems suggests that they are offset from the relation by a simple normalisation factor. However, there is nearly two times more logarithmic scatter about the X-ray luminosity-temperature relation for cool core systems compared to that for non cool core systems. This suggests that there are large differences in the core structure even for cool core systems as a class. -Systems exhibiting morphological substructure tend towards the lower luminosity envelope of the relations. Partly this is due to the increase in normalisation of the total sample due to the presence of cool core systems. The scatter about the Xray luminosity-temperature relation of morphologically disturbed systems is 65 per cent, compared to a scatter of 48 per cent for cool core systems; within the uncertainties, the variance is in fact identical. Furthermore, the scatter in morphologically disturbed systems is identical to that for morphologically relaxed systems, due partly to the preponderance of cool core systems in the relaxed subsample. -Simple exclusion of the emission interior to 0.15 R 500 results in a reduction of scatter in all relations. For the Xray luminosity-temperature relation, the natural logarithmic scatter is 30 per cent, a reduction of more than a factor of two. Similarly significant reductions are seen in other relations. After exclusion of the core, the scatter in luminositytemperature and luminosity-Y X relations is well described with a Gaussian distribution at > 85 per cent confidence. A reduction in scatter can also be achieved by considering the central gas density, n e,0 , as a third parameter in the scaling relations. The L − T − n e,0 relation has a natural logarithmic scatter of 47 per cent; the L − Y X − n e,0 relation has a scatter of 22 per cent. -Using Y X as a mass proxy, a Malmquist bias corrected luminosity mass relation for REXCESS is steeper than the raw relation due to the under-representation, for a given mass, of low luminosity clusters in the sample.
The behaviour of the observed luminosity scaling relations thus appears to be driven principally by a mass dependence of the total gas content. Plausible physical explanations for the dependence are a variation with mass in the efficiency of conversion of baryons into stars or in situ heating after accretion. Greater understanding of the source of the dependence will require deep observations of a similarly representative sample of group scale haloes, to measure accurate luminosities and probe the underlying physical causes; furthermore, precise calibration of the evolution of the scaling relations is needed, ideally with a similarly-selected distant cluster sample, to probe the effect over time. 
characterizes the scatter of L in the mass -luminosity relation, assumed to be lognormally distributed, and given by the observed scatter in the L − M Y relation ( Table 2 ). The bias factor is shown as a function of luminosity in the right hand panel of Figure B .1.
A final subtlety is that the luminosities used as the basis of the REXCESS selection, and thus for the bias calculation above, are those calculated as in the original REFLEX catalogue. These were iteratively calculated in the [0.1-2.4] keV band in the detection aperture and extrapolated to an assumed radius of R 200 , and are thus not equivalent to the luminosities derived in this paper (see Böhringer et al. 2004 for luminosity calculation details; the appropriate REFLEX luminosities for the REXCESS sample are given in Table 3 of Böhringer et al. 2007 ). We fit a linear relation in log-log space between the present luminosities and those from REFLEX, finding
0.94 . The bias correction factor for the appropriate luminosity, Bias (ln L| ln L 0 ), is then applied to each data point in the sample and the relation is refitted.
The Malmquist bias-corrected bolometric L − M Y relation is shown in the right hand panel of Figure 6 , and the corresponding fitted power law relation is given in Table 2 . The correction steepens the relation somewhat, due to the under-representation, at a given mass, of low luminosity clusters in the REXCESS sample.
B.3. Comparison to other results
The corrected relations for the two survey bands are also given in Table B .2. The left hand panel of Figure B .2 shows the raw and corrected [0.1-2.4] keV band relation compared to previous determinations from an X-ray hydrostatic analysis assuming isothermality ) and a stacked weak lensing analysis (Rykoff et al. 2008 ). We convert their L − M 200 relations to M 500 using a standard NFW model with a concentration parameter of c 500 = 3.2, the average concentration derived from the total mass profiles of the morphologically regular cluster sample discussed in Pointecouteau et al. (2005) . Our corrected relation has a 25 per cent higher normalisation than that of Rykoff et al. at our fiducial pivot point of 2 × 10 14 M ⊙ . The Reiprich & Böhringer relation has a 6 per cent lower normalisation than our corrected relation at the same mass scale.
The right hand panel of Figure B .2 shows the corrected [0.5-2] keV band relation compared to the results derived by Vikhlinin et al. (2008) using the same Malmquist bias correction procedure on a sample of clusters observed with Chandra (the Chandra Cluster Cosmology Project, CCCP). The agreement in normalisation is good at low L/M, but at higher L/M the Vikhlinin et al. relation is somewhat below ours (by approximately 40 per cent at 8 keV, or 8 × 10 14 M ⊙ ). The REXCESS and CCCP slopes are slightly different, although it is important to note that they are in agreement within their 1σ uncertainties. The bias correction itself does not play a part because there is excellent agreement in the magnitude of the scatter about the L − M relation from the two samples. We use a different M 500 − Y X relation to estimate masses, although in practice the effect of this difference will be small since our relation is in good agreement with theirs. One partial explanation could be due to the systematic offset in measurements between Chandra and XMM-Newton, in which, at high temperatures, Chandra overestimates the temperature 4 . Since in both cases masses are derived from Y X = M gas T , this will have the effect of boosting the higher mass Chandra points at a given luminosity, leading to a flatter relation than the one we find here. contains more higher mass systems. In addition, differences in the number of cool core systems, and their distribution across the mass range, could change the slope. In particular, if REXCESS has more cool core systems at higher mass than CCCP, their higher luminosity would make the REXCESS relation slightly steeper. Vikhlinin et al. (2008) . The best fitting relation is given in Table B .2. All fits have been undertaken with the BCES orthogonal fitting method.
